Introduction
The fission yeast Schizosaccharomyces pombe has proven to be valuable in deciphering the physiological pathways that control the cell division cycle and the DNA damage response in animal cells. The special utility of S. pombe, as compared to the budding yeast Saccharomyces cerevisiae, may reflect the greater similarity of the cell division and stress signaling processes in S. pombe relative to animal cells. In any case, the complementation of S. pombe cell cycle mutants by mammalian genes has provided a useful tool for reliably inferring the function of the mammalian genes. Another useful aspect of S. pombe is that it is diverged in evolution as far from S. cerevisiae as from mammals. Thus, the existence of gene homologs in both yeasts strongly implies the existence of one or more mammalian homologs. In summary, S. pombe offers an excellent model to investigate the function of novel mammalian genes implicated in cell cycle control.
BAR proteins are a family of adapter proteins that are characterized by the presence of the (Bin/Amphiphysin/ Rvs (BAR) domain, an N-terminal fold of undetermined function. BAR gene family members include the mammalian genes Amphiphysin-I (Amph-I), Bin1 (also known as Amphiphysin-II (Amph-II)), Bin2, Bin3, and KIAA1010. Among these genes, Bin1 and Bin3 represent ubiquitous and evolutionarily conserved genes, whereas the other genes may represent tissue-specific genes that appear to have arisen later in evolution. The Amph-I and Bin1 genes have been the most extensively studied. Amph-I encodes a neuronal polypeptide that is suggested to mediate synaptic vesicle endocytosis, a specialized process that involves binding to dynamin, endophilin, synaptojanin, clathrin, and the endocytosis complex AP-2 (Wigge and McMahon, 1998) . Bin1 encodes at least seven ubiquitous or tissue-specific isoforms produced by alternate splicing (Sakamuro et al., 1996; Butler et al., 1997; Ramjaun et al., 1997; Tsutsui et al., 1997; Wechsler-Reya et al., 1997) . Neuronal Bin1 isoforms, suggested to participate in endocytosis like amphiphysin, include alternately spliced regions encoded by exons 12A-D, which mediate interactions with clathrin and other endocytotic proteins (David et al., 1996; Ramjaun and McPherson, 1998) . These isoforms are functionally distinct from the ubiquitous or muscle-specific isoforms of Bin1, which localize to the nucleus as well as the cytosol, bind to the nuclear proteins c-Myc and/or c-Abl, and exhibit tumor suppressor, prodifferentiation and proapoptotic properties (Sakamuro et al., 1996; Wechsler-Reya et al., 1998; Galderisi et al., 1999; Ge et al., 1999 Ge et al., , 2000a Mao et al., 1999; Elliott et al., 2000; Hogarty et al., 2000; Li et al., 2000; DuHadaway et al., 2001) . The ubiquitous and muscle-specific isoforms of Bin1 do not affect endocytosis (Elliott et al., 2000) . Indeed, mis-splicing of one of the neuron-specific exons of Bin1 in human melanoma abolishes its tumor suppressor activity (Ge et al., 1999) . Thus, Bin1 may have multiple functions, at least one of which is distinct from Amph-I.
S. cerevisiae expresses two BAR adapter proteins encoded by the RVS167 and RVS161 genes. Both RVS genes were identified in screens for mutants that exhibit reduced viability upon nutrient starvation or that have defects in endocytosis (Crouzet et al., 1991; Bauer et al., 1993; Munn et al., 1995) . rvs mutants grow poorly in a medium of high osmolarity or in the presence of aminoacid analog (Crouzet et al., 1991; Bauer et al., 1993) . rvs mutants also exhibit disorganized actin and improper budding patterns, and these defects are further exacerbated by high salt or nutrient deprivation (Bauer et al., 1993; Sivadon et al., 1995) . Both genes interact genetically and physically with proteins derived from mutant alleles of ACT1 and MYO1, encoding actin and myosin, respectively (Breton and Aigle, 1998; Balguerie et al., 1999) , as well as with other cytoskeletal components encoded by the ABP1, SAC6, SLA1, SLA2, and SRV2 genes (Lila and Drubin, 1997) . However, despite the evidence of Rvs167p-actin interactions, and the structural relatedness of the Rvs167p and Amphiphysin or Bin1 proteins, neither of the mammalian orthologs have been reported to interact with actin or to complement the defects in rvs167 mutant cells. In summary, further work is needed to understand the roles of Bin1 and other mammalian BAR adapter proteins as they relate to normal physiology and cancer. To gain insight into the physiological functions of Bin1 proteins, we performed a genetic analysis of the Bin1/Amphiphysin/RVS167-related gene homolog of Bin1 (hob1+) in fission yeast. We found that hob1+ was dispensable for actin organization or endocytosis, functions suggested for Amph-I and RVS167, but required for appropriate responses to starvation or genotoxic stress, functions that were more consistent with studies of Bin1. Our observations also implicated the Bin3 homolog hob3+ in genotoxic stress responses, possibly downstream of hob1+. These findings define hob1+ as the fission yeast homolog of Bin1 and identify a novel conserved role for this gene in stress signaling processes.
Materials and methods

Strains and media
Strains employed in this study are shown in Table 1 . Strains were grown in yeast extract medium (YE), minimal medium lacking appropriate nutritional supplements (EMM2), or minimal medium containing glutamate instead of ammonium chloride as a source of nitrogen (EMMG). In some cases, 250-500 mm NaCl was added to the medium. Strains were mated on malt extract medium or EMMG containing appropriate nutritional supplements (Moreno et al., 1991) . Tetrad dissections were performed using a Singer MSM tetrad dissection apparatus. In experiments employing the nmt1 promoter, repression of the promoter was achieved by growth in the presence of 15 mm thiamine. Derepression was accomplished by washing the cells three times in distilled water or in a medium lacking thiamine, and resupending the cells in thiamine-free medium (Maundrell, 1993) . 
Genetic manipulations
Searches of the S. pombe genome using the amino-acid sequences of the products of the RVS167 and Bin1 genes identified a single structural ortholog termed hob1+. The hob1+ cDNA, flanked by NdeI and PspAI sites, was amplified by PCR from a stationary phase S. pombe single-stranded cDNA library (Library-In-A-Tubet, QBiogen) and cloned for DNA sequencing into plasmid pCR4 using the TOPO TA Cloning s Kit for Sequencing (Invitrogen). The hob1+ sequence has been deposited in the GenBank database, under Accession number AF 275637. For expression in fission yeast, the cDNA was inserted between the NdeI and PspAI sites of plasmid pREP2 (Maundrell, 1993) . The open reading frame of hob1+ was deleted precisely according to the method of Bahler, using plasmid pFA6a-3HA-kanMX6 as a template to prepare a disruption allele (Bahler et al., 1998) . Successful disruption of hob1+ was determined by Southern blotting using a 834 bp probe that hybridizes to a region extending from 108 to 942 bp downstream from the UAA stop codon of the hob1+ gene. The probe was labeled by random priming using the High Prime Labelling Kit (Roche Molecular) and [a 32 P]-dCTP (NEN). Introduction of the nmt81 promoter upstream of the hob3+ gene was accomplished by a similar strategy, using plasmid pFA6a-kanMX6-Pnmt81. Correct integration of the nmt81 promoter upstream of the hob3+ gene was confirmed by Southern blotting using a 434 bp probe derived from a region 2022 to 1580 bp upstream of the hob3+ start codon, and by morphology and actin staining of cells grown in the presence of thiamine. To create an epitope-tagged hob1+ strain, pFA6a-13Myc-kanMX6 was used as a template for PCR to generate a C-terminal myc-tagged allele (Bahler et al., 1998) . Proper integration of the hob1::13Myc allele was confirmed by Southern blotting, and by Western blotting using anti-Myc tag antibody 9E10 (Zymed). To create strains expressing exogenous mammalian and S. cerevisiae BAR family members, a hob1D strain was transformed with one of a series of linearized pART5-based constructs containing the desired BAR family member cloned into the NdeI and BamHI or PspAI sites of pART5, upstream of the nmt1 promoter, and a disruption of the LEU2 gene by URA3. The constructs were linearized with BamHI or PspAI, and the cells were plated on EMM2 medium supplemented with adenine and leucine. LEU + transformants were then streaked onto YE medium twice, and returned to EMM2 containing adenine and leucine to score colonies for uracil prototrophy. Cells that remained URA + were assumed to have integrated the construct. These cells were then tested for expression of the BAR family member by Western blotting, using antibodies directed against the relevant BAR protein. Cells that demonstrated robust expression of the appropriate transgene by Western blotting were retained for further study. Oligonucleotide sequences used for strain and plasmid constructions are available upon request.
Western analysis
Cells expressing chromosomal Myc-tagged Hob1p and plasmid-encoded Hob3-3XFLAGp were grown to mid-log phase in EMM2 medium supplemented with 225 mg/l adenine and lleucine (Sigma). Cells were harvested and solubilized with Y-PER protein extraction reagent (Pierce) containing protease inhibitors (10 mg/ml leupeptin, 20 mg/ml aprotinin, 20 mg/ml AEBSF (Calbiochem)). Equal amounts of protein were resolved by SDS-PAGE on a 10% nonreducing gel (Novex) and transferred to a PVDF filter (Novex). Blots were probed with monoclonal anti-Myc antibody 9E10 (Zymed) or anti-FLAG M2 antibodies (Sigma), followed by horseradish peroxidase-conjugated goat anti-rabbit IgG or goat antimouse IgG (Roche). Protein-antibody conjugates were detected by chemiluminescence using Supersignal West Pico substrate (Pierce).
Physiological experiments
Visualization of DNA and F-actin were performed on exponential phase cultures using 4 0 ,6 0 -diamidino-2-phenylindol (DAPI) for DNA and AlexaFluor 488-conjugated phalloidin (Molecular Probes) for F-actin as described (Marks et al., 1986) . Endocytosis was measured by internalization of the fluorescent styryl dye FM4-64 (Molecular Probes) as described (Brazer et al., 2000; Routhier et al., 2001) . Images were taken with a Nikon Eclipse TE300 microscope fitted with a Nikon Plan Fluor Â 100 objective, using a Toshiba 3CCD camera. Images were processed using Image Pro Plus version 4.0 software (Media Cybernetics) and then imported into Photoshop 5.0 (Adobe). For flow cytometry, cells were processed as described (Sazer and Sherwood, 1990) , stained with 1 mm Sytox Green (Molecular Probes), and analysed for DNA content on a Becton Dickinson FACScan using CellQuest software (Becton Dickinson). For DNA damage experiments, cells were grown to mid-log phase in yeast extract medium or minimal medium. Cell counts were taken in triplicate using a hemocytometer, and approximately 500 cells were plated in triplicate onto yeast extract plates containing varying concentrations of phleomycin (Sigma). Surviving colonies were counted and viability was plotted as the ratio of colonies obtained on phleomycin-containing medium to those obtained on the medium lacking phleomycin. A similar strategy was used to express viability after UV treatment, which was calculated as the ratio of colonies obtained after UV treatment to those obtained in the absence of UV treatment.
Results
hob1+ encodes the fission yeast BAR adaptor protein Hob1p
Budding yeast express two BAR adapter proteins, Rvs161p and Rvs167p. We previously identified Hob3p as the fission yeast homolog of Rvs161p (Routhier et al., 2001) . To identify the fission yeast homolog of Rvs167p, we searched the S. pombe genome using the TBLASTN algorithm (Altschul et al., 1990) with the amino-acid sequences of Rvs167p or mammalian Bin1. The search identified a fission yeast gene containing a single 67 bp intron that encoded a polypeptide of 466 amino acid ( Figure 1a ). Using the GCG algorithm GAP (Devereaux et al., 1984) , we aligned this polypeptide, termed Hob1p (homolog of bin1), to known BAR adapter proteins. The N-terminal region of Hob1p encoded a BAR domain that was most closely related to those found in the budding yeast proteins Rvs167p (51%) and Rvs161p (29%), and the fission yeast protein Hob3p (34%), the latter of which is homologous to Rvs161p (Routhier et al., 2001) . The Hob1p BAR domain was relatively less similar to that encoded by the mammalian BAR adapter proteins Amph-I (28%), Bin1/Amph-II (27%), and Bin3 (23%). Hob1p also included a C-terminal SH3 domain like that found in Rvs167p, Bin1, Amph-I, and the Figure 1 hob1+ is a Bin1-related member of the BAR family of adapter proteins. (a) Alignment of the predicted sequence of the hob1+ gene product, Hob1p, to the analogous BAR adapter protein Rvs167p in budding yeast. The alignment was performed using the GCG program GAP (Devereaux et al., 1984) . (b) BAR family adapter proteins. Hob1p is a Bin1-related protein that is most similar to Rvs167p and the ubiquitous/muscle splice isoforms of mammalian Bin1. Bin3-related proteins include the budding yeast protein Rvs161p and the fission yeast protein Hob3p, which are structurally as well as functionally related (41). Other BAR adapter proteins in mammals include the Amph-I, KIAA1010, and Bin2 gene products, which display more tissue-specific patterns of expression than Bin1 or Bin3 Figure 2 hob1D cells are slightly elongated, but do not display Rvs phenotypes nor defects in endocytosis or actin organization. (a) Southern analysis. Genomic DNA from hob1+ and hob1D strains was digested with HindIII and blots were probed with a 32 P-labeled DNA fragment corresponding to a region downstream from the hob1+ translation stop codon. (b) Morphology of hob1+ and hob1D cells. Cells of each strain were stained with Calcofluor and DAPI as described (Moreno et al., 1991) . (c) Effects of temperature, nitrogen depletion, or elevated salt concentrations on the growth of hob1+ and hob1D cells. Cells were grown at the temperatures indicated or on a solid medium that is poor in nitrogen (EMMG) or that contains additional salt (YE/250 mm NaCl, YE/500 mm NaCl). Tenfold dilutions of each culture were inoculated and the plates incubated for 3-7 days until colonies formed. (d) Salt sensitivity. Neither fission yeast nor mammalian BAR proteins complement the high-salt sensitivity produced by RVS167 mutation in budding yeast. S. cerevisiae cells expressing the genes indicated were cultured on high-salt media. (e) Endocytosis assay. A fluorescent dye uptake assay was performed using the styryl dye FM4-64 as described (Brazer et al., 2000) . Cells were incubated at 301C in the presence of FM4-64 and photographed at the times indicated. Only weak plasma membrane staining is visible at the beginning of the experiment. (f) F-actin organization. Polymerized actin was visualized by fixing cells in 3.7% formaldehyde and staining them with fluorescently labeled phalloidin (top panels). Actin patches are organized in hob1D cells in a wild-type manner, at cell poles during interphase and medial rings during mitosis. Cells were counterstained with DAPI for orientation (bottom panels)
Fission yeast homolog of Bin 1 in stress signaling EL Routhier et al uncharacterized BAR adapter protein KIAA1010 (Figure 1b) . The presence of the SH3 domain suggested a functional relation between Hob1p and one or more of these proteins. Although the primary sequence of Hob1p was most closely related to Rvs167p, the nomenclature of Hob1p was chosen based on evidence of its functional homology with Bin1 (see below). As a first step in characterizing hob1+, we constructed a knockout allele by PCR and used it to transform a hob1+/hob1+ diploid strain. Integration of the knockout allele was confirmed by growth on medium containing the antibiotic G418 sulfate, and by Southern blotting (Figure 2a) . The resulting hob1+/ hob1D diploid was sporulated, and G418-resistant spores were collected and typed by Southern blotting. Several independent replicates having correctly integrated the knockout allele were retained for further study, indicating that disruption of hob1+ was not lethal. Microscopic examination of hob1D cells revealed them to be slightly but not significantly elongated, relative to an isogenic hob1+ strain (Figure 2b ). Elongation phenotypes are suggestive of cell cycle regulatory defects in fission yeast (Fantes and Nurse, 1977) . However, both strains proliferated and mated with similar kinetics (data not shown).
Dissimilarity of hob1+ and RVS167 functions: cells lacking hob1+ are unaffected for osmotic response, endocytosis, and actin organization Based on the structural relatedness between Hob1p and Rvs167p, one might expect these proteins to function similarly. Current understanding suggests that Rvs167p links actin dynamics to environmental signals. rvs167 mutant cells display mislocalized F-actin and this phenotype is exacerbated under conditions of suboptimal growth (Bauer et al., 1993; Colwill et al., 1999) . However, although Rvs167p is a substrate for the Pho85p cyclin-dependent kinase of budding yeast, which couples cell cycle progression to phosphate availability, rvs167 mutant cells arrest appropriately in response to nutrient deprivation.
Unexpectedly, we observed marked differences in the phenotype of hob1D cells relative to the phenotype of rvs167 mutant cells that has been described. Unlike rvs167 mutants, hob1D cells exhibited stable long-term viability (data not shown). On nitrogen-poor medium or on medium of high osmolarity (i.e. YE/250 mm NaCl), we observed no differences in the growth of hob1+ and hob1D cells (Figure 2c ). Indeed, in some trials hob1D cells seemed to grow slightly better on medium of high osmolarity (data not shown). Growth at different temperatures was also tested, because temperature is known to affect certain endocytosis mutants of budding yeast, including end6/rvs161 (Munn et al., 1995) . No differences in growth between hob1+ and hob1D cells were observed in these experiments. We further explored possible similarities in the function of hob1+ and RVS167 by determining whether ectopic expression of hob1+ could correct the growth defect of rvs167 cells grown on medium of high osmolarity; RVS167 corrected this defect, but hob1+ could not do so (Figure 2d ). In summary, hob1D fission yeast cells failed to exhibit a reduced viability upon starvation (Rvs) phenotype like rvs167 budding yeast cells.
Disruption of RVS167 causes defects in endocytosis and actin organization. The endocytosis defect is characterized by a reduced rate of fluorescent dye uptake (Munn et al., 1995; Colwill et al., 1999) . We examined endocytosis by comparing the ability of hob1+ and hob1D cells to internalize the fluorescent dye FM4-64, which in fission yeast is internalized by endocytosis into vesicles that eventually fuse into vacuolar structures (Vida and Emr, 1995) . No differences in the rate of FM4-64 uptake or final staining intensity were observed (Figure 2e ). In our previous work, we demonstrated that hob3+ is also dispensable for endocytosis; the same result was obtained for cells were doubly mutant for hob1+ and hob3+, which were constructed for this study (data not shown; see below). Thus, unlike RVS167 in budding yeast, hob1+ was dispensable for endocytosis in fission yeast.
To examine F-actin organization, we compared the staining of hob1+ and hob1D cells in asynchronous culture with fluorescently labeled phalloidin. No discernable differences were observed in F-actin staining patterns (Figure 2f) . In each strain, cortical patches of F-actin were confined to the poles during interphase and to medial F-actin rings during mitosis. In a previous work, we demonstrated that hob3+ disruption caused disorganization of the actin cytoskeleton in fission yeast (Routhier et al., 2001) . Cells that were doubly mutant for hob1+ and hob3+ exhibited the hob3D phenotype (data not shown), consistent with other evidence that hob3+ is epistatic to hob1+ (see below). In conclusion, the function of the Hob1p and Rvs167p adapter proteins appears to diverge significantly, such that deletion of hob1+ does not confer phenotypes that are characteristic of rvs167 mutant cells.
Defective cell cycle arrest in nutrient-deprived hob1D cells is corrected by Bin1
The slightly elongated phenotype of hob1D cells suggested some cell cycle defect (Fantes and Nurse, 1977) . We therefore examined cell cycle progression in hob1D cells grown in the presence and absence of nitrogen. Under nutrient-rich conditions, the G2 phase of the cell cycle predominates in fission yeast. In response to nitrogen deprivation, the cell cycle temporarily speeds up and cells enter mitosis at a smaller size, until they fail to meet the minimum size required for division and arrest as small cells in G1 phase (Fantes and Nurse, 1977) . Flow cytometry confirmed this situation in wild-type cells. Exponentially growing cell populations displayed a prominent 2N peak, whereas cell populations entering stationary phase because of nitrogen starvation displayed increased numbers of cells with a 1N DNA content, indicative of a G1-phase arrest (Figure 3a) . Exponentially growing hob1D cell populations also displayed a prominent 2N peak. However, when these cells were deprived of nitrogen, they failed to exhibit a G1-phase arrest. Instead, hob1D cells appeared to remain in the G2 phase with 2N DNA content, reminiscent of the nitrogen deprivation response of cells lacking the cell cycle regulator cdr2 (Kanoh and Russell, 1998) . The survival rate of hob1D cells maintained in nitrogen-deficient medium for extended periods (12 days) was similar to that of matched hob1+ cells under the same conditions, suggesting that hob1D cells were capable of entering G0 from G2 phase (data not shown). Similar results were obtained by flow cytometric analysis of several independent hob1D strains, ruling out a strain artifact. We crossed hob1D cells to known cell cycle and nitrogen sensing mutants in an attempt to deduce whether hob1+ was involved in halting the cell cycle in response to nitrogen starvation. Crosses were made to strains harboring the cdc25-22, wee1-50 and cdr1-76 mutations, and tetrad analysis was performed on the progeny derived from these crosses. The growth phenotype and mitotic length of the resulting spores were measured. No significant genetic interactions were noted, as all hob1D double mutants produced similar patterns of growth and mitotic length as the parental cdc single mutants (data not shown). A small increase in the length of the hob1D, cdc25-22 double mutant was noted, hinting at a slight genetic interaction, but the increased length was not statistically significant. Furthermore, examination of the FACS profile of nitrogen-starved hob1D, cdr1-76 double mutants yielded a profile identical to that of the cdr1-76 single mutant, with 100% of cells failing to arrest in G1 in response to nitrogen starvation (data not shown). We tested whether overexpression of cdr2+ would be tolerated in a hob1D background, a lethal condition in hob1+ cells (Breeding et al., 1998) . hob1D cells similarly failed to tolerate enforced expression of cdr2+ (data not shown). In addition, ectopic expression of hob1+ failed to correct the lack of G1 arrest seen in nitrogen-starved cdr2D cells (data not shown). We concluded that hob1+ indirectly, rather than directly, influenced the ability of S. pombe to make a G1-phase cell cycle arrest in response to nutrient deprivation.
The above observations suggested that the function of hob1+ might be more related to Bin1 than Amph-I, insofar as Bin1 has at least one non-amphiphysin-like function that is antiproliferative in mammalian cells (Sakamuro et al., 1996) . A second appeal to this postulate was that Bin1 is ubiquitously expressed, like most bona fide mammalian orthologs of yeast genes, whereas the expression of Amph-I is much more restricted, mainly to the central nervous system. We examined the functional relation between these genes by comparing the cell cycle profile of nutrient-starved hob1D cells that ectopically expressed hob1+, Bin1, or Amph-I, or that carried only an empty vector (Figure 3b ). Nitrogen-starved hob1+ cells transformed with the empty expression vector (pREP2) exhibited the same G1-phase arrest defect as untransformed cells. In Figure 3 Defective cell cycle arrest pattern in hob1D cells after nitrogen starvation is corrected by Bin1, but not by Amph-I. (a) G1 arrest defect in starved cells. Cells were grown in EMM2 medium to mid-log phase, washed, and inoculated into nitrogen-free medium (EMM2-N). Following incubation for 48 h, cells were fixed and processed for flow cytometry. (b) Complementation by mammalian Bin1. Cells transformed with the vectors noted were grown and processed for flow cytometry as above, except that EMM2 and EMM2-N media lacking uracil were employed. A wild-type hob1+ strain grown in EMM2-N is shown for comparison Table 2 Yeast complementation analysis with Bin1 and Bin3 orthologs. The genes indicated were tested for complementation of budding yeast rvs mutants or fission yeast hob mutants. Correction of the cell growth defect on complete media containing 0.5 m NaCl was used to score complementation of rvs mutants. Correction of the G1 arrest defect following nitrogen starvation was used to score complementation in hob mutants
Gene tested rvs167 cells rvs161 cells hob1 cells hob3 cells
Vector only
Fission yeast homolog of Bin 1 in stress signaling EL Routhier et al contrast, a failure to undergo G1 arrest was observed in nitrogen-starved hob1D cells transformed with the same empty vector. As expected, this arrest defect was complemented by ectopic expression of hob1+. Notably, the arrest defect was complemented by expression of a human cDNA encoding Bin1-10, a ubiquitous c-Mycinteracting isoform of Bin1 (Wechsler-Reya et al., 1997). We could not observe arrest defects in hob3D cells because of the multinucleate character of those cells (Routhier et al., 2001) . However, we found that the arrest defect in hob1D was also complemented by hob3+ (see below). Taken together, these results supported the notion that hob genes had some role in cell cycle control. In contrast, Amph-I did not effectively complement the arrest defect. Similar negative results were obtained by expression of the mammalian BAR adapter protein Bin2 , which appears to have a function that is nonredundant with Bin1 or Amph-I (data not shown). To complete our analysis of the relation of the yeast and human Bin1 and Bin3 orthologs, we determined the complementation patterns of these genes in fission yeast hob mutant strains compared to budding yeast rvs mutant strains (see Table 2 ). This work confirmed that hob1+ and Bin1 were homologous, but that RVS167 was functionally distinct. Consistent with the previous work (Routhier et al., 2001) , hob3+ and Bin3 were determined to be homologous whereas RVS161 was partially homologous. Notably, ectopic hob3+ could also complement hob1, but not vice versa, consistent with other evidence that hob3+ may function downstream of hob1+ (see below). We concluded that Bin1 was structurally and functionally homologous to hob1+ and that hob1+ impacted cell cycle control through a function that was not amphiphysin-like in character.
hob1+ disruption sensitizes cells to DNA damage
The above observations prompted us to examine the effects of hob1+ mutation on another stress stimulus that perturbs the cell cycle, DNA damage, which causes cell cycle arrest (al-Khodairy and Carr, 1992) . Treatment of hob1D cells with the DNA strand-breaking drug phleomycin, a bleomycin analog that is cytotoxic to yeasts (Pramanik et al., 1995) , resulted in a marked hypersensitivity in hob1D cells (Figure 4a ). In contrast, treatment of hob3D cells did not produce a hypersensitive phenotype. UV irradiation resulted in the same phenotypes as those seen in the case of phleomycin: hob1D cells were more sensitive to the effects of UV irradiation than wild-type cells, while hob3D cells were as resistant to UV as were their wild-type cohorts (Figure 4b ). The similar effects produced by UV irradiation argued against the possibility that the phleomycin sensitivity was because of differences in the kinetics or metabolism of the drug in the hob1D strain. Thus, hob1D cells were sensitive to DNA damage by agents causing either DNA strand breakage or thymine dimer formation.
hob1D cells have an intact checkpoint response, but are further sensitized to DNA damage by rad3 mutation
The genotoxic sensitivity caused by hob1+ disruption might reflect an inability to respond appropriately to DNA damage by cell cycle arrest. We examined this possibility by testing whether hob1D cells could enforce a cell cycle arrest after DNA damage. To perform this test, we moved the hob1D allele into a strain expressing cdc25-22, a temperature-sensitive allele of cdc25+.
Wild-type or hob1D cells were arrested by incubation at the restrictive temperature, treated with phleomycin, and then released into phleomycin-free media at the permissive temperature to allow cell cycle transit. We observed that hob1D cells were able to enforce a checkpoint arrest similar to wild-type cells (data not shown). This observation suggested that the defect in hob1D cells was not because of a problem with detecting DNA damage or responding to it. To further probe the relation of hob1+ with checkpoint systems in the cell, we investigated possible interactions of hob1+ with the key checkpoint regulators cds1+ (CHK2 homolog), rad3+ (ATM homolog), and chk1+. We observed that hob1D cells lacked the characteristic hydroxyurea hypersensitivity of cds1 mutant cells (data not shown). This suggested that hob1+ was not involved in the DNA replication checkpoint regulated by cds1+. We next examined the phleomycin sensitivity of cells mutant for hob1+ and combinations of these genes. No interactions were observed with cds1+ (data not shown). In contrast, the sensitivity of hob1D cells was exacerbated by rad3 mutation: while singly mutant cells exhibited reduced survival in the presence of phleomycin, as expected, doubly mutant cells could not be detected at any concentration of phleomycin tested ( Figure 5 ). Similar evidence of interaction with chk1+ was not obtained, however. chk1 mutant cells were relatively less sensitive to DNA damage than hob1D cells. In doubly mutant cells, sensitivity was similar to hob1D cells (Figure 6 ). Taken together, these results suggested that hob1+ participated in a process that was distinct from rad3+, but possibly not from chk1+. The findings were compatible with a model in which hob1+ and rad3+ acted in different genotoxic stress response pathways that commonly involved chk1+. We concluded that hob1+ was dispensable for checkpointmediated arrest, but it had some other role in mediating a proper genotoxic stress response.
Mutation of wee1+ partially relieves the genotoxicity sensitivity of hob1D cells
To further probe the relation between hob1+ and cell cycle control during the response DNA damage response, we compared the phleomycin sensitivity of hob1D cells that were also mutant for the cell cycle regulators examined above. These experiments revealed that mutation of wee1+ relieved the genotoxic sensitivity of hob1D cells (Figure 6 ). Since wee1+ mutation speeds up the cell cycle, this observation suggested that the defect in hob1D cells might be related to poor efficiency of DNA damage repair or to a defect in relieving checkpoint-induced arrest. This effect was unusual but highly reminiscent of that displayed by the mitotic checkpoint regulator slp1+ (Matsumoto, 1998) . These observations provided further evidence that hob1+ participated in a stress response pathway that influences cell cycle progression.
Loss of the Bin3 homolog hob3+ relieves the genotoxic sensitivity of hob1D cells: hob3+ is epistatic to hob1+ in stress signaling
Given that hob1+ and hob3+ encode the two BAR adapters in fission yeast, we wished to examine the impact of deleting both genes on the response to genotoxic stress. For these experiments, we constructed a strain in which the fission yeast nmt81 promoter was placed upstream of the hob3+ gene by homologous recombination, effectively creating a 'shut-off' allele of hob3+ that could be repressed by addition of thiamine to the medium (Bahler et al., 1998; Routhier et al., 2001) . Examination of the morphology and F-actin staining pattern of the resulting hob3::Pnmt81 strain Figure 5 rad3+ mutation is additive with hob1+ mutation in genotoxic stress responses. Relative viability of each strain was compared after phleomycin treatment as above. The viability of rad3D hob1D cells was null at all concentrations of phleomycin tested, so data points for those strains do not appear on the graph Figure 6 wee1+ mutation relieves the genotoxic sensitivity of hob1D cells. Relative cell viability in the presence of phleomycin of the strains noted was determined as above Figure 7 hob3+ is epistatic to hob1+ in cells exposed to genotoxic stress. Relative cell viability in the presence of phleomycin of the strains noted was determined as above. The cell strain used for these experiments harbor a thiamine-repressible hob3+ allele that is integrated into the hob3+ locus, replacing it. This allele is controlled by the nmt promoter. The experiment was performed in thiamine-containing media that abolishes hob3+ expression (41) Fission yeast homolog of Bin 1 in stress signaling EL Routhier et al grown in the presence or absence of 15 mm thiamine revealed that repression of the nmt81 promoter driving hob3+ expression was sufficient to mimic the phenotype of a hob3D null strain (Routhier et al., 2001 ). The hob3::Pnmt81 strain was crossed to the hob1D deletion mutant, progeny were screened by Southern blotting for the presence of both mutations, and double mutant spores were isolated for the study. The phenotype of hob1D, hob3::Pnmt81 cells grown in the presence of thiamine was similar to the phenotype of hob3D cells, based on F-actin distribution and morphology (data not shown). Doubly mutant cells were tested for their response to DNA damage by phleomycin when grown on yeast extract medium in the presence of 15 mm thiamine. Repression of hob3+ rescued the DNA damage hypersensitivity of hob1D cells, as compared to singly mutant hob1D cells (Figure 7) . The morphology and F-actin staining pattern of the hob1D, hob3::Pnmt81 double mutant, as well as the rescue of DNA damage sensitivity, supported the conclusion that hob3+ is epistatic to hob1+.
Sequential accumulation of Hob1p and Hob3p in cells after DNA damage
The above observations suggest that the expression of Hob1p and Hob3p might be affected by DNA damage. To examine this possibility, we created a strain bearing a version of hob1+ encoding 13 copies of a C-terminal cMyc epitope tag by homologous recombination (Bahler et al., 1998) . The resulting Hob1-13Mycp protein was judged functional based on its ability to complement the elongated morphology and DNA damage sensitivity exhibited by hob1D. Similarly, a plasmid encoding a triple C-terminal FLAG epitope tag fused to the hob3+ cDNA (pREP2-hob3::3XFLAG) was introduced into this strain. This plasmid was able to complement the Factin and morphological defects associated with hob3+ deletion. Cells expressing Hob1-13Mycp and Hob3-3XFLAGp were exposed to 10 mg/ml phleomycin, and extracts were prepared at various times after phleomycin addition. Western blots probed with anti-Myc or anti-FLAG M2 antibodies demonstrated a rapid accumulation of both Hob1p and Hob3p proteins after DNA damage (Figure 8 ). Accumulation of both proteins occurred within 15 min of phleomycin addition. Hob1p levels decreased slightly in cells that were continuously exposed to phleomycin for 24 h. However, if the drug was washed out after 90 min, and cells were allowed to grow in the absence of the drug, Hob1p steady-state levels continued to climb. Hob3p accumulated with slightly delayed kinetics as compared to Hob1p. However, there was no decrease in steady-state levels upon continuous exposure to phleomycin as observed for Hob1p. Instead, Hob3p levels continued to rise after 24 h of continuous exposure to phleomycin. Notably, the rise in Hob3p steady-state levels was not observed in a hob1D genetic background, indicating that Hob1p was necessary for the increase in Hob3p levels observed. Taken together, the genetic and biochemical results suggested that hob3+ acted downstream of hob1+ in genotoxic stress responses.
Discussion
This study identifies hob1+ as the fission yeast homolog of the mammalian gene Bin1. Deletion of hob1+ produced radically different phenotypes relative to those produced by deletion of the related budding yeast gene RVS167. Based on structural similarities, one might have predicted that hob genes would function similar to RVS genes. This prediction is supported to some extent for RVS161 and hob3+, mutations of which can be complemented by the homologous mammalian gene Bin3 (Routhier et al., 2001) , but not for RVS167 and hob1+, which are apparently rather diverged in function. A similar situation has been described for ras, a gene encoding a small GTPase that functions somewhat differently in budding and fission yeasts. Based on that precedent, one might propose that the apparent functional differences between RVS167 and hob1+ reflect differences in their protein-protein interactions in cells. This difference could be manifested either as differences in biochemical interaction specificity or in subcellular localization. In any case, the situation is interesting in the light of similar issues revolving around the RVS167-related mammalian genes Bin1 and Amphiphysin, which also have apparently divergent functions. Based on structural similarities, Bin1 might have been predicted to be an amphiphysin isoform. Some experimental support for this assertion derives from studies of neuronal splice isoforms of Bin1, which are most similar in structure and cellular localization to Amphiphysin. However, in non-neuronal cells, Bin1 isoforms do not display Figure 8 DNA damage stimulates accumulation of Hob1p and Hob3p, the latter of which is hob1+-dependent. Strains in which the wild-type hob alleles were replaced with epitope-tagged alleles as described in the text were used. Growing cells were exposed to 10 mg/ml phleomycin for the periods indicated, and cell extracts were prepared and analysed by Western analysis. Hob1p was visualized by anti-Myc antibody 9E10 and Hob3p was visualized by anti-FLAG antibody M2 (see text) amphiphysin-like activity or localization. Through the demonstration that Bin1 can specifically complement the hob1+ cell cycle arrest defect in fission yeast, this study bolsters the notion that Bin1 does not function exclusively in an amphiphysin-like manner in mammalian cells.
hob1+ mutant cells displayed a cell cycle arrest defect in response to nitrogen deprivation and elevated sensitivity to genotoxic stress, neither of which has been described in rvs mutants. However, previous reports have documented an interaction between Rvs167p and Pho85p, a cyclin-dependent kinase that is proposed to regulate Rvs167p and the actin cytoskeleton in response to environmental stress (Lee et al., 1998; Colwill et al., 1999) . Pho85p associates with a set of G1 cyclins termed Pcl cyclins, which are required for cell cycle transit in the absence of the Cdc28p cyclins Cln1p and Cln2p. Although a PHO85 homolog has not been described in fission yeast to date, its action might be relevant to the stress-related processes implied here for hob1+. In support of this possibility, Bin1 can be phosphorylated by the cell cycle-related kinase Cdk5 (A -X Liu, J DuHadaway, and GCP, unpublished observations), which is reported to be the Pho85p homolog in mammals (Huang et al., 1999) that functions in stress and apoptotic signaling in certain settings Yin et al., 1999; Zhang et al., 1997; Patrick et al., 1999; Gao et al., 2001) . Although speculative, connections to a cell cycle/stress-related kinase such as Pho85p would support the conclusion that hob1+ is a signal transducer that integrates stress signals with cell cycle control at some level. One possibility is that hob1+ and RVS167 integrate stress and cell cycle control in different ways that are based on unique use of downstream effectors or cell structures in the two yeasts. Given our observations, it would be interesting to further explore possible roles of the RVS genes in cell cycle control and the response to DNA damage.
Further investigation is required to determine the precise function of hob1+, but two conclusions are possible. First, while hob1+ is not a central regulator of the cell cycle, it acts at some distal point to integrate stress information into cell cycle control. This study identifies a novel function for BAR adapter proteins that may help address why Bin1 isoforms have been reported to make such diverse protein-protein interactions in cells: rather than being involved in the 'root' function of the complexes in which it appears, Bin1 isoforms may instead convey stress signaling information to or from those complexes. Second, hob1+ participates in the response to genotoxic stress. Further work is required to determine how hob1+ acts. One possibility is an effect distal to Wee1p, which integrates nutrient information into Cdc2p regulation. The Wee1p regulator Cdr1p has been reported recently to interact with a mitochondrial dynamin encoded by the msp1+ gene (Pelloquin et al., 1999) . Given the ability of dynamin to interact with amiphiphysin and neuronal Bin1 isoforms (Wigge and McMahon, 1998) , a linkage between Hob1p and Cdr1p through this dynamin isoform might be entertained. Since wee1 mutation speeds up the cell cycle (by abolishing inhibitory phosphorylation of Cdc2p), one inference of the results of this study is that hob1+ may promote timely repair and/or checkpoint release. As mentioned above, a similar defect that can be rescued by wee1 mutation is observed in cells lacking the mitotic regulator slp1+, a homolog of CDC20/Fizzy that regulates the anaphase-promoting complex (APC), and that is needed to release the spindle check-point (Matsumoto, 1998) . This study establishes the validity of the fission yeast system to define precisely how BAR adapter proteins function in stress signaling processes.
